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Abstract

Background: Both intestinal and pulmonary systems are parts of the mucosal immune system, comprising ~80% of all immune cells.
These immune cells migrate or are transported between various mucosal tissues to maintain tissue homeostasis.

Methods: In this study, we isolated neutrophils from the peripheral blood of patients and utilized immunofluorescence, flow cytometry,
and Western blotting to confirm the incidence of “nucleus-directed degranulation” in vitro. Subsequently, we conducted a precise
analysis using arivis software. Furthermore, using the DSS mouse model of colitis and tissue clearing technologies, we validated the
“targeted nuclear degranulation” of neutrophils and their migration to the lungs in an inflammatory intestinal environment.

Result: In this study, we found that among patients with ulcerative colitis, the migration of neutrophils with “targeted nuclear degran-
ulation” from the intestinal mucosa to the lungs significantly exacerbates lung inflammation during pulmonary infections. Notably,
patients with ulcerative colitis exhibited a higher abundance of neutrophils with targeted nuclear degranulation. Using DSS mice,
we observed that neutrophils with targeted nuclear degranulation from the intestinal mucosa migrated to the lung and underwent
activation during pulmonary infections. These neutrophils rapidly released a high amount of neutrophil extracellular traps to medi-
ate the progression of lung inflammation. Alterations in the neutrophil cytoskeleton and its interaction with the nuclear membrane
represent the primary mechanisms underlying targeted nuclear degranulation.

Conclusion: This study revealed that neutrophils accelerate lung inflammation progression in colitis, offering new insights and po-
tential treatment targets for lung infections for patients with colitis.
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Graphical Abstract

Targeted nuclear degranulation

Targeted nuclear degranulation of neutrophils promotes the progression of pneumonia in ulcerative colitis.

Introduction lung disorders [1, 2]. With the widespread use of high-resolution
The phenomenon of pulmonary-intestinal crosstalk was initially CT scanning, an increasing number of patients with IBD have
documented in 1968 and validated in subsequent studies, partic- been identified to have potential pulmonary dysfunction, even

ularly in relation to inflammatory bowel disease (IBD)-associated in the absence of overt symptoms (3, 4]. Typical pulmonary
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manifestations of ulcerative colitis (UC) include airway and lung
diseases, which often emerge months to years after the onset of
UC [5-8]. The respiratory and gastrointestinal systems are integral
components of the mucosal immune system, enabling the trans-
fer of immune cells between different mucosal tissues [9].

The mucosal immune system encompasses ~80% of all im-
mune cells, which migrate between different mucosal tissues to
maintain tissue homeostasis [10]. Neutrophils, the most abun-
dantimmune cells, will be activated after infection and migrate to
the site of infection [11, 12]. Neutrophil extracellular traps (NETSs),
a novel form of neutrophil death, consist of DNA from the nu-
cleus or mitochondria, anti-microbial peptides, and hydrolytic en-
zymes, forming a mesh-like structure [13]. However, numerous
studies have reported that excessive release of NETs can dam-
age the endothelium and accelerate the progression of several dis-
eases [14, 15]. In a previous study, we discovered that targeted nu-
clear degranulation serves as a crucial mechanism for neutrophils
to release NETs during sepsis [16]. We observed that azurophilic
granules merge with the nucleus and release myeloperoxidase
(MPO) into the nucleus, participating in the decondensation of
nuclear proteins and the unwinding of DNA. Additionally, neu-
trophils undergoing targeted nuclear degranulation can existin a
pre-activation state in the circulation and rapidly form NETs after
stimulation [16].

The excessive release of NETs in the lung during lung infections
significantly accelerates disease progression [17-19]. In clinical
practice, we noted that patients with active UC experience rapid
deterioration of lung symptoms after lung infections. However,
the specific underlying mechanism remains unclear. Our study
uncovered that neutrophils with targeted nuclear degranulation
in the intestinal mucosa of Dextran sulphate sodium (DSS) mice
can enter the circulation and migrate to the lung during lung in-
fections. These neutrophils rapidly release NETs after stimulation
in the lung, thereby facilitating the progression of inflammation.
These findings provide invaluable insights into the management
of lung infections in patients with IBD and advance our under-
standing of pulmonary-intestinal crosstalk.

Materials and methods

Ethical statement

This study was approved by The Jining Medical University Com-
mittee. For experiments involving human blood samples, signed
informed consent was obtained from all patients and healthy vol-
unteers. Blood samples were taken from the cubital veins of pa-
tients and healthy donors. All the experimental methods were
carried out in accordance with the approved guidelines. All ex-
perimental procedures involving mice were carried out in strict
accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health
and State Key Laboratory of Pathogens and Biosecurity of the In-
stitute of Microbiology and Epidemiology. Blood samples from pa-
tients with UC were obtained from the Affiliated Hospital of Jining
Medical University, and blood samples from healthy individuals
were obtained from the medical examination center.

Neutrophil extraction

A neutrophil isolation kit was used to isolate functional,
highly purified neutrophils directly from human whole blood
by immunomagnetic negative selection (STEMCELL Technologies,
#18103, #19666). Briefly, 50 ul of liquid A and 50 pl of liquid B
(magnetic beads) were added to each 1 ml blood sample, mixed

and allowed to stand for 5 min. Stem buffer, diluted 1 : 1, was
added to the blood sample, which was then placed in a magnetic
rack and allowed to stand for 10 min. The supernatant was aspi-
rated, 50 ul of solution B was added to each 1 ml of supernatant,
and the mixture was again placed in the magnetic rack for 5 min.
The supernatant was aspirated and placed in the magnetic rack
for a further 5 min. The supernatant was then aspirated and cen-
trifuged at 400 x g for 5 min to obtain neutrophils. Neutrophils
were extracted and stored in RPMI-1640 medium (Gibco, Canada)
containing 10% fetal calf serum (FBS).

Mice

Male mice (C57BL/6, 8 weeks old, Suzhou, China) were maintained
at the Animal Experimental Center of Jining Medical University
under a 12-h light-night cycle with free access to food and water
for at least 1 week before the experiments.

A DSS-induced colitis model in mice was established using a
method described previously [25, 26]. Briefly, wild type (WT) mice
were given 2.0% DSS (molecular mass, 36 000-50 000, MP Biomed-
icals, Solon, OH, USA) in their drinking water for a continuous 7
days.

Chloral hydrate (8%) was injected intraperitoneally for anes-
thesia. The abdomen of the mouse was shaved and the abdomi-
nal skin disinfected. The abdominal cavity was opened in a ster-
ile environment and the colon was located along the cecum. Pre-
stained exogenous neutrophils were injected into the intestinal
wall and the intestine was returned to the abdominal cavity. The
abdomen was then closed layer by layer.

Quantification of MPO-DNA complexes

MPO-DNA complexes were quantified similarly to previously de-
scribed protocols [28]. This protocol used several reagents from
the Cell Death Detection Enzyme-Linked Immunosorbent Assay
(ELISA) kit (Roche). First, a high-binding EIA/RIA 96-well plate
(Costar) was coated overnight at room temperature (RT) with anti-
human MPO antibody (RD, DY DY3174). The plate was washed
twice with wash buffer [0.05% Tween-20 in phosphate-buffered
saline (PBS)] and then blocked with 4% bovine serum albumin
(Millipore Sigma) in PBS (with 0.05% Tween-20) for 1 h at RT. The
plate was again washed five times before incubating for 90 min at
RT with serum or plasma. The plate was washed a further five
times and then incubated for 90 min at RT with anti-DNA an-
tibody (Horseradish Peroxidase (HRP) conjugated; from the Cell
Death kit). After five more washes, the plate was developed with 3,
3',5,5-Tetramethylbenzidine (TMB) followed by a 1 M sulfuric acid
stop solution. Absorbance was measured at a wavelength of 450
nm using a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek).

Nucleoprotein and cytoplasmic protein
extraction

Nucleoproteins and cytoplasmic proteins were extracted with nu-
clear and cytoplasmic extraction reagents (Thermo, 78835) ac-
cording to the supplied protocol. Briefly, the treated cells were
washed twice with prechilled PBS and centrifuged at 500 x g for
3 min. The cells were resuspended in 200 ul of cytoplasmic ex-
traction reagent I. The suspension was incubated on ice for 10
min, 11 ul of cytoplasmic extraction reagent II was added, incu-
bated on ice for 1 min and then centrifuged at 16000 x g for 5
min. The supernatant fraction (cytoplasmic extract) was trans-
ferred to a prechilled tube. The insoluble precipitated fraction,
containing the crude nuclei, was resuspended in 100 ul of nuclear
extraction reagent and incubated on ice for 10 min, followed by
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centrifugation at 16 000 x g for 10 min. The resulting supernatant
contained the nucleoproteins. After extraction, the nuclear and
cytoplasmic proteins were stored at —80°C until use.

Western blot analysis

The extracted proteins were separated by Sodium Dodecyl Sul-
fate Polyacrylamide Gel Electrophoresis (SDS-PAGE) on 7.5%-12%
polyacrylamide gels and stained with Coomassie blue. The follow-
ing primary antibodies were used: anti-MPO (Abcam, ab208670, 1
: 1000), anti-CD63 (Abcam, ab271286, 1 : 1000), and anti-laminB1
(Abcam, ab16048, 1 : 1000).

Immunostaining and microscopy

Cells were fixed in 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100, blocked with 5% BSA, and stained with the follow-
ing: anti-citrullinated histone H3 (citH3) (Abcam, ab219407; 1 :
1000), anti-MPO (Abcam, ab208670; 1 : 100), anti-laminB1 (Abcam,
ab16048; 1 : 1000), and anti-CD63 (Abcam, ab227892; 1 : 1000) pri-
mary antibodies; 4’,6-diamidino-2-phenylindole (DAPI) (Solarbio
D6470) was used for staining. After staining, the cells were ob-
served using a Zeiss LSM 900 confocal microscope. Arivis software
was used for processing 3D images.

Flow cytometry

Neutrophils purified from patients and healthy donors were
stained with anti-CD63 (PE, BioLegend, 353 010), anti-CD35 (FITC,
BD, 565330), TdT-mediated dUTP Nick-End Labeling (TUNEL)
(V450, BD, 561425), annexin V PE/7-aminoactinomycin D (7-AAD)
(BD, 559763), and Chloromethyl-2’,7’-Dichlorodihydrofluorescein
Diacetate (CM-H2DCFH-DA) (FITC, Solarbio, D6470). Respiratory
oxygen explosion of neutrophils was detected using CM-H2DCFDA
(Solarbio, China). After being stimulated by 10 nM Phorbol 12-
myristate-13-acetate (PMA) (Solarbio, China) for 30 min, neu-
trophils were stained with 10 mM H2DCFDA in a 37°C incubator
for 30 min followed by washing twice in PBS before analysis. To de-
tect apoptosis, antibodies, annexin V, and 7-AAD (BD Bioscience,
USA) were added following the manufacturer’s protocol. After in-
cubating for 15 min at RT in the dark, the neutrophils were as-
sessed.

Immunohistochemistry

Tissue was fixed in 4% formaldehyde, paraffin-embedded, and
sectioned at 5 um. The sections were exposed to 3% hydrogen
peroxide for 10 min to inhibit endogenous peroxidase activity, fol-
lowed by blocking with 3% bovine serum albumin for 30 min. The
tissue sections were stained with hematoxylin and eosin and then
observed by light microscopy.

Tissue sections were prepared as described above and incu-
bated with Ly6G antibody (Abcam, ab238132; 1 : 2000) at 4°C
overnight. The sections were then washed and incubated with
anti-rabbit IgG secondary antibody for 30 min at RT. Then, the sec-
tions were restained with hematoxylin and developed using a di-
aminobenzidine kit. Results were obtained by examination under
an IX73 microscope (Olympus).

Tissue sections were prepared as previously described [29]. The
sections were then incubated overnight with rabbit anti-citH3 an-
tibody (Abcam, ab219407, 1 : 100) and rabbit anti-MPO polyclonal
antibody (Abcam, ab208670, 1: 100). After washing, the slides were
incubated with fluorescent dye-coupled secondary antibodies for
1 h at RT. The DNA was stained with DAPI (Servicebio, G1012,
1:200) for 10 min. Images were acquired using a fluorescence mi-
Croscope.

ELISA

The procedure was carried out based on a kit protocol: MPO (RD,
DY9167-05, DY3174), soluble thrombomodulin (sTM) (Elabscience,
E-EL-HO166c), MPO activity (Sigma, MAK068). Then, 50-100 ul vol-
umes of standards or samples were added to a 96-well plate and
incubated at RT. Samples were added to three wells each. Biotiny-
lated antibody, streptavidin-HRP reagent, and TMB substrate were
added sequentially according to the protocol. Color was developed
by incubation for 5-30 min at RT while the sample was protected
from light. Stop solution was added to each well. The absorbance
at the protocol required was measured within 5 min to measure
protein levels, and the data were recorded.

iDISCO + tissue clearing

The mice were placed under deep anesthesia with 2% isoflu-
rane and then perfused with 20 ml of PBS and 20 ml of 4%
paraformaldehyde (PFA)/PBS solution. Lungs were quickly har-
vested and fixed in 4% PFA/PBS at 4°C overnight and then post-
fixed for 1 h at RT. Lungs were stored in PBS at 4°C for further
processing. For tissue clearing, we used the iDISCO + method
as described online (https://idisco.info/) with slight modification
[20]. For pretreatment, lungs were washed in PBS at room tem-
perature three times, 30 min each. The lungs were dehydrated at
room temperature by gradient methanol aqueous solutions (20%,
40%, 60%, 80%, and 100%, 1 h each). For a final removal of any
residual water, the lungs were washed in 100% methanol solu-
tion for an additional 2 h. After dehydrating, lungs were incu-
bated in 66% dichloromethane/methanol solution overnight at RT
and then washed in 100% methanol for 2 h. Lungs were bleached
overnight at 4°C in 5% H,0,/methanol solution and then rehy-
drated in a series of methanol solutions (80%, 60%, 40%, and 20%,
PBS; 1 h each). After PBS treatment, lungs were washed in 0.2%
Triton X-100 in PBS (PBS-T) twice (1 h each). Finally, the lungs
were washed overnight, dehydrated, and then washed in 100%
methanol overnight to remove residual water. Next day, lungs
were washed in 66% dichloromethane/methanol solution for 3 h
at room temperature and 100% dichloromethane twice, each for
30 min. Finally, the lungs were incubated in 100% dibenzyl ether
until they looked transparent.

The transparent lungs were placed in a chamber filled with
dibenzyl ether and were imaged by using the Zeiss light-sheet7
microscope. The 488 laser power was set at 95% to scan the whole
lung.

Statistical analyses

All statistical analyses were performed and graphs were pre-
pared with GraphPad Prism 8.0 software and Adobe Illustrator.
3D image processing was carried out using arivis software. The
Shapiro—Wilk test was used to test the normality of continuous
variables. The results are expressed as the mean =+ standard devi-
ation (SD). For group comparisons, one-way Analysis of Variance
(ANOVA) was used to compare continuous variables with a nor-
mal distribution. The Kruskal-Wallis test was used to compare
continuous variables with a skewed distribution. Tukey’s post hoc
test or Dunn’s post hoc test was used for multiple comparisons.
Student’s t test and the Wilcoxon paired signed rank test were
used to compare differences between two groups. The Pearson
correlation coefficient was used for correlation analysis. Signifi-
cant differences are denoted by asterisks (*P < 0.05, *P < 0.01,
P < 0.001, ***P < 0.0001).
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Figure 1. Partial dysfunction of neutrophils in patients with UC. (A) Flow cytometry analysis showed significant difference in ROS release of
neutrophils between patients and volunteers. (B) Flow cytometry analysis showed no significant difference in phagocytic ability of neutrophils
between patients and volunteers. (C, D) Flow cytometry analysis of CD35 and CD63 expression on neutrophils from both groups showed increased
degranulation in patient neutrophils. (E) ELISA detected higher levels of MPO in the peripheral blood plasma of patients compared to volunteers. (F)
Chemotaxis assay showed no significant difference in the chemotactic function of neutrophils between the two groups. (G) Neutrophils from patients
released more NETs when stimulated with LPS in vitro for 60 min. (H) ELISA detected increased expression of MPO-DNA (NETs) in the peripheral blood
plasma of IBD patients. (I) Flow cytometry analysis showed no significant difference in neutrophil apoptosis rate between the two groups after 24 h. ns,

Not significant.

Results

Partial dysfunction of neutrophils in patients
with UC

We isolated peripheral blood neutrophils from 15 healthy volun-
teers and 15 individuals with UC and conducted in vitro experi-
ments to assess their function. Our findings indicate no signifi-
cant changes in the ability of neutrophils from patients with UC
to release reactive oxygen species (ROS) or perform phagocytosis
(Fig. 1A, B). However, there was a significant increase in neutrophil
degranulation (Fig. 1C, D) and MPO level in the peripheral blood
(Fig. 1E). Further experiment revealed that among patients with
UC, neutrophils exhibited granule polarization and had stronger
MPO activity in peripheral blood (Fig. S1A, B, see online supple-
mentary material). Using our newly developed neutrophil chemo-
taxis model, we observed no significant alterations in the chemo-
taxis of neutrophils from patients with UC (Fig. 1F). Furthermore,
Lipopolysaccharide (LPS) stimulation led to a greater release of
NETs from the peripheral blood neutrophils of patients with UC
compared to healthy individuals (Fig. 1G). Additionally, the con-
tent of MPO-DNA complexes, a marker of NETs, was significantly
increased in the peripheral blood of patients with UC (Fig. 1H).
Finally, the apoptosis of neutrophils in patients with UC did not
exhibit a significant delay (Fig. 1I). Patients with UC had increased
neutrophil degranulation in peripheral blood and a greater ten-
dency to release NETSs.

Targeted nuclear degranulation of neutrophils is
enhanced in patients with UC

Neutrophils were isolated from the peripheral blood of five in-
dividuals with UC and five healthy individuals. TUNEL staining
revealed a significant increase in DNA fragmentation within the
neutrophil nuclei of patients with UC (Fig. 2A, B). Moreover, Pep-
tidylarginine deiminase (PAD) activity (citH3) was significantly up-
regulated in the nuclei of neutrophils in patients with UC (Fig. 2C).
In addition, the expression of citH3 was significantly elevated in
the plasma of patients (Fig. 2D). Increased nuclear entry of MPO
was identified as the main cause of nuclear DNA breakage. No-
tably, patients with UC exhibited a significant increase in MPO ac-
tivity in the nuclei of neutrophils (Fig. 2E, F, and Fig. S2A, Movie 1,
2, see online supplementary material). Electron microscopy re-
vealed fusion between the granules and nuclear membrane in the
neutrophils of patients with UC (Fig. 2G). Furthermore, staining
for neutrophil granule membrane (CD63) and nuclear membrane
(laminB) demonstrated a significant increase in co-localization
between the granule membrane and nuclear membrane among
patients with UC (Fig. 2H, I). Two hours after culturing neutrophils
from patients with UC, the intranuclear MPO in the neutrophils of
patients with UC was not decreased and the expression of nuclear
membrane CD63 was not reduced (Fig. S2B, C).

Our previous study unveiled that targeted nuclear degranula-
tionis an intermediate state of neutrophil activation. In this study,
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Figure 2. Targeted nuclear degranulation of neutrophils is enhanced in patients with UC. (A) Increased nuclear DNA fragmentation (TUNEL) in
neutrophils from IBD patients. (B) Increased co-localization of TUNEL (DNA breaks) and nuclear staining (DAPI) in neutrophils from IBD patients. (C)
Increased expression of citH3 in the nuclei of neutrophils from IBD patients. (D) Flow cytometry analysis showing increased expression of free citH3 in
peripheral blood of IBD patients. (E) Immunofluorescence staining for MPO (red) and nuclear membrane (laminB, green) showing increased nuclear
MPO in neutrophils from IBD patients. (F) Nuclear protein extraction followed by ELISA showing increased nuclear MPO expression in neutrophils from
IBD patients. (G) Electron microscopy revealing fusion of granules with the nuclear membrane in neutrophils from IBD patients. (H, I)
Immunofluorescence staining for eosinophilic granules (CD63, green) and nuclear membrane (laminB, blue) showing increased co-localization of

granules and nuclear membrane in neutrophils from IBD patients.

we found a significant increase in neutrophil targeted nuclear de-
granulation in the peripheral blood of patients with UC, which
may be the reason for the increased release of NETs in patients
with UC.

Intestinal targeted nuclear degranulation
neutrophils migrate to the lung

Our findings indicated that patients with UC have an increased
abundance of neutrophils undergoing targeted nuclear degran-
ulation in the peripheral blood circulation. Furthermore, in vitro
stimulation enhanced the release of NETs. Therefore, we hypoth-
esized that neutrophils with targeted nuclear degranulation orig-
inate from the intestinal inflamed mucosa and can re-enter the
lung through the peripheral blood circulation (Fig. 3A). We in-
jected exogenous neutrophils (red) into the intestinal mucosa of
DSS mice and simultaneously stained the mesenteric blood ves-
sels (green). Confocal microscopy indicated neutrophils migrating
in reverse toward the blood vessels (Fig. 3B, and Movie 3, see on-
line supplementary material). After 6 h, we harvested the lungs of
mice for transparency treatment. Immunofluorescence staining
showed that neutrophils injected into the colon wall entered the
lungs and were evenly distributed (Fig. 3C, and Movie 4, see online
supplementary material). Using flow cytometry, we detected neu-
trophils injected through the intestine in the peripheral blood of
mice. Among these neutrophils, we identified cells with a reverse
migration phenotype (ICAM1Me" CXCR1°%) [21] (Fig. 3D). We first
stained the cell membrane of neutrophils from WT mice, and then
injected these neutrophils into the colonic mucosa of DSS mice

and WT mice. After 6 h, we observed detectable neutrophils in
the lungs of both endogenous and exogenous groups. There was
no significant difference between them (Fig. 3E). Additionally, the
expression of citH3 (red) was increased in intestinal neutrophils
(purple) migrating to the lung of DSS mice, but the original neu-
trophils (green) in the lung did not express citH3 (red) (Fig. 3F). Fur-
thermore, we collected and extracted neutrophils from the lung
lavage of both groups of mice and found no difference in the num-
ber of neutrophils (red) from the intestine (Fig. 3G). However, the
expression of MPO and nuclear membrane CD63 significantly in-
creased in neutrophils from the lungs of DSS mice compared to
WT mice (Fig. 3H). Moreover, we observed a significant increase
in the co-localization of granule membrane (green) and nuclear
membrane (blue) in neutrophils (red) from the intestine in the
lunglavage of DSS mice compared to WT mice (Fig. 31, Fig. S3A, see
online supplementary material). Finally, we measured the lung
lavage and found no significant difference in the expression of in-
flammatory factors between the two groups (Fig. S3B). Neutrophils
in the intestinal mucosa can return to the circulation and migrate
to the lungs. However, in DSS mice, neutrophils returning to the
lungs exhibited stronger targeted nuclear degranulation.

DSS mice with pulmonary infection exhibit more
severe pulmonary inflammation

We employed the DSS mouse model and administered LPS
through the intranasal route. After 6 h, we obtained the lungs of
the mice and observed no significant difference in the number
of neutrophils between the lungs of DSS mice and the lungs of
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Figure 3. Intestinal targeted nuclear degranulation neutrophils migrate to the lung. (A-C) The intestinal mucosa of DSS mice was injected with
exogenous neutrophils (red) and simultaneously stained with intestinal mesenteric vessels (green). (B) Neutrophils were observed to migrate towards
the blood vessels under confocal microscopy. (C) The lung tissue transparency reveals a uniform distribution of neutrophils originating from the colon.
(D) Using flow cytometry, we detected neutrophils injected through the intestine in the peripheral blood of mice. Within these neutrophils, we
identified cells with a reverse migration phenotype (ICAM1P&h CXCR1'°¥). (E) Neutrophils from the intestine were detected in both normal mouse and
DSS mouse lung (red). (F) After lung lavage, neutrophils were extracted from the lavage fluid. The proportion of neutrophils from the intestine wall was
similar in the lungs of both groups of mice. (G) Increased MPO expression in the nuclei of neutrophils and increased nuclear membrane CD63
expression were observed in the bronchoalveolar lavage fluid of DSS mice. (H) Neutrophils from normal mice were fluorescently stained (green) and
intravenously injected to simulate circulating neutrophils in the body. After collecting the lung, citH3 staining (red) shows that citH3 is primarily
expressed in neutrophils derived from the intestine. (I) Immunofluorescence staining of neutrophils in the bronchoalveolar lavage fluid showed
increased fusion of toluidine blue granules (red) from the intestinal neutrophils with nuclear membranes (laminB, blue) in DSS mice.

WT mice (Fig. 4A). Furthermore, there was no notable difference
in the number of neutrophils in the bronchoalveolar lavage fluid
between the two groups (Fig. 4B). The lung wet-to-dry ratio was
higher in the DSS group compared to the WT group (Fig. 4C). In
addition, we measured the presence of inflammatory factors in
the bronchoalveolar lavage fluid and found a higher expression
level of inflammatory factors [interleukin-6 (IL6) and IL17A] in the
DSS group compared to the WT group (Fig. 4D). The mouse oxy-
genation index was significantly reduced in the DSS group com-
pared to the WT group (Fig. 4E). Therefore, we found that DSS mice
had more severe symptoms and progressed faster after lung in-
fection compared to WT mice. Concurrently, the expression and
activity of MPO were increased in the DSS group compared to
the WT group (Fig. 4F, G). Neutrophils from the DSS group ex-
hibited a higher level of NETs expression in the lung compared
to the WT group (Fig. 4I). The expression of NETs was also sig-
nificantly increased in the bronchoalveolar lavage fluid (Fig. 4H).
To determine whether neutrophils releasing NETs primarily orig-
inated from the colon, we pre-stained neutrophils (purple) in-
jected into the colon mucosa and found that these neutrophils
expressed more citH3 (red) in the lungs (Fig. 4]). These findings
revealed that those neutrophils with targeted nuclear degranula-
tion from the colon of DSS mice migrated to infected lungs where
they rapidly released NETs and worsened the symptoms of DSS
mice. Seven days after modeling DSS mice, we began to contin-

uously record the body weight and mortality rate of each mouse
for 7 days. LPS stimulation of the lungs resulted in an increased
mortality rate and significant weight loss in DSS mice (Fig. S4A,
B, see online supplementary material).

Membrane fusion and cytoskeleton changes
mediate targeted nuclear degranulation

In a previous study, we observed the occurrence of targeted nu-
clear degranulation and elucidated the underlying mechanisms
[16]. In this study, we utilized neutrophils from human periph-
eral blood and conducted further experiments. Since the fusion of
cell membranes is responsible for this phenomenon, we employed
dexamethasone (DXMS) to stabilize the membrane. We uncovered
that DXMS can effectively inhibit the co-localization of CD63 gran-
ules and the nuclear membrane (Fig. SA, B). DXMS effectively in-
hibited MPO translocation to the nucleus and the formation of
NETs (Fig. S4A, B). DXMS inhibited membrane fusion, effectively
preventing nuclear DNA breakage (Fig. 5C). This finding indicated
that the fusion of azurophilic granules with the nuclear mem-
brane is one of the important mechanisms for the formation of
NETs. In vitro, we stimulated neutrophils with PMA to simulate the
release of NETs. We observed that cytochalasin, an inhibitor of cy-
toskeleton aggregation, effectively reduced the formation of NETs
in neutrophils (Fig. 5D, and Movie 5, 6, see online supplementary
material). Furthermore, after stimulating neutrophils with LPS for
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Figure 4. DSS mice with pulmonary infection exhibit more severe pulmonary inflammation. (A) LPS causes significant infiltration of neutrophils in the
lung of both WT mice and DSS mice, but it causes more significant lung edema in DSS mice. (B) LPS leads to an increase in neutrophil counts in the
bronchoalveolar lavage fluid of both groups of mice, with no significant difference. (C) LPS leads to a more significant dry-to-wet ratio in the lung of
DSS mice. (D) LPS causes a significant increase in inflammatory factors (IL6, IL17A) in the bronchoalveolar lavage fluid of DSS mice. (E) LPS
significantly decreases the oxygenation index in DSS mice. (F, G) LPS causes a greater increase in both MPO content and activity in the bronchoalveolar
lavage fluid of DSS mice. (H, I) LPS leads to the generation of more NETs (MPO, green; +citH3, red) in the lung of DSS mice. (J) LPS significantly

decreases the oxygenation index in DSS mice.

1h, we found that both cytochalasin and the CD44 transport pro-
tein inhibitor, importini, effectively reduced the translocation of
MPO into the nucleus (Fig. 5E). Therefore, we believe that the fu-
sion of azurophilic particles with the nuclear membrane and the
changes in the skeleton are important mechanisms underlying
targeted nuclear degranulation.

CD44 mediates targeted nuclear degranulation
during nuclear translocation of neutrophils

CD44, located on the surface of neutrophils, can serve as a link
between F-actin and the cell membrane via ezrin/radixin/moesin
(ERM) proteins. Upon activation, CD44 is released from the cell
membrane (Fig. 6A). Our findings indicated that after neutrophil
activation, CD44 is shed into the cytoplasm and then translocated
to the nuclear membrane with the help of importin (a transfer
protein) (Fig. 6B, C). Additionally, our study revealed that hinder-
ing cytoskeletal alterations and CD44 translocation to the nucleus
can prevent the formation of NETs (Fig. 6D). Moreover, inhibiting
the activity of importin reduces CD44 translocation to both the cy-
toplasm and nuclear membrane (Fig. 6E, F). We used a dynein in-
hibitor (dynarrestin) to suppress the movement of granules along
the cytoskeleton toward the nucleus (Fig. 6G, and Fig. S5A, see
online supplementary material). Dynarrestin effectively inhibited
the co-localization of dynein (CD63, green) with F-actin (red). Sim-
ilarly, dynarrestin effectively inhibited the co-localization of gran-
ules (CD63, green) with F-actin (red) (Fig. 6H). Moreover, dynar-
restin effectively inhibited the formation of NETs induced after
exposure to LPS (Fig. S5B). We also observed that dynarrestin ef-
fectively inhibited the increase in nuclear MPO levels after expo-
sure to LPS (Fig. 6I). CD44 migrated to the nucleus and re-linked

with F-actin at the nuclear membrane, which is an important
mechanism mediating the proximity of azurophilic granules to
the nucleus. Azurophilic granules approach the nuclear mem-
brane through dynein on F-actin.

Discussion

In clinical practice, we observed that patients with active UC
exhibit more severe pulmonary inflammation after lung infec-
tion. We speculated that this may be related to gut-lung immune
crosstalk. Recent studies have suggested that the migration of im-
mune cells in the mucosal immune system to different tissues
is a key mechanism involved in gut-lung crosstalk [10, 22]. The
discovery of neutrophils migrating in reverse supports this phe-
nomenon [23]. Therefore, we focused on neutrophils, considering
their abnormal function and migration as a reason behind the ex-
acerbation of pulmonary diseases among patients with intestinal
inflammation.

We also found that the partial function of neutrophils in the
peripheral blood of patients with UC was abnormal. The degranu-
lation markers of neutrophils showed a significant increase in the
peripheral blood of patients with UC, possibly due to partial gran-
ule release at the site of colitis. Contrary to most of the previous
reports, ROS release did not increase in this study [24, 25]. After
staining with the DCFH-DA probe in vitro, no discernible secondary
activation was observed. Similarly, we did not observe any signifi-
cant abnormalities in phagocytic function, chemotaxis, and apop-
tosis in purified neutrophils. Interestingly, after stimulating neu-
trophils with LPS, UC neutrophils released more NETs. We spec-
ulated that the neutrophils of patients with UC were more easily
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activated. In our previous studies, we observed the phenomenon
of neutrophil targeted nuclear degranulation and considered it as
a mechanism for the release of NETs by neutrophils [16].

To verify the phenomenon of neutrophil targeted nuclear de-
granulation among patients with UC and its irreversibility, we first
investigated whether neutrophils in the peripheral blood of pa-
tients with UC exhibit the targeted nuclear degranulation phe-
nomenon. We measured the DNA fragmentation of neutrophils
in the peripheral blood of patients with UC, MPO translocation
into the nucleus, and CD63 (azurophilic granule membrane) fu-
sion with the nuclear membrane. We observed membrane fusion
under electron microscopy, confirming the existence of degranu-
lation in the nucleus. Interestingly, Metzler et al. found that MPO
did not enter the nucleus during the release of NETs [26]. There-
fore, we optimized the analysis method using arivis software for
immunofluorescence and confirmed MPO translocation into the
nucleus. To confirm that MPO translocation into the nucleusis not
easily reversible, we cultured neutrophils from patients with UC
for 2 h, detected nuclear MPO again, and extracted nuclear mem-
branes to detect CD63 expression, finding that targeted nuclear
degranulation was not reversed. Without further stimulation, nu-
clear MPO was not expelled from the nucleus. Based on these find-
ings, we speculated that neutrophil-targeted nuclear degranula-
tion may represent a semi-activated state.

For the first time, Mathias et al. observed the reverse migration
of zebrafish neutrophils from the site of inflammation back into
the vascular system and introduced the concept of “reverse neu-
trophil migration”. They suggested that reverse neutrophil migra-
tion is also an important pathway to neutrophil activation [12].

Compared to neutrophils in resident tissues and circulation, neu-
trophils undergoing reverse migration exhibit a unique pheno-
type. The neutrophil phenotype after reverse migration was cell
ICAM-1Meh  CXCR1!°¥, while neutrophils in resident tissue were
ICAM-1°" CXCR1°% and the circulating neutrophils were ICAM-
1w CXCR1Meh [21].

We verified whether these “semi-activated” neutrophils are the
main components leading to lung-gut immune crosstalk. Using
the DSS mouse model, we observed the presence of partially in-
jected neutrophils in the mouse lungs after 6 h of injecting fluores-
cently labeled semi-activated neutrophils into the intestinal wall.
To confirm that semi-activated neutrophils are an important fac-
tor exacerbating lung infection, we simultaneously injected semi-
activated neutrophils and established a lung infection model in
DSS mice (LPS). Similarly, after 6 h, we observed more severe res-
piratory symptoms in DSS mice and found that neutrophils of
intestinal origin released more NETs in the lungs. However, the
simple DSS mouse model may be incomplete, as this model pro-
vides more severe colitis and increases the risk of symptoms dur-
ing lung infection. We will continue to improve the model in sub-
sequent studies to provide more comprehensive evidence.

In general, mice with DSS-induced colitis are considered exper-
imental models of UC, which exhibit clinical and histological fea-
tures similar to human UC. Due to its simplicity, reproducibility,
and controllability, the DSS colitis model in UC research has ad-
vantages over other experimental models of chemically induced
UC [27]. Furthermore, transepithelial migration of neutrophils re-
sulting in cryptitis and crypt abscess, a common histologic find-
ing in UC, was reproduced in mice subjected to chronic DSS
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Figure 7. Targeted nuclear degranulation of neutrophils promotes the progression of pneumonia in UC. After receiving stimulation at the intestinal
lesion site, neutrophils in the intestinal mucosa undergo cortical cytoskeleton depolymerization and reaggregation in the cytoplasm, while the cell
membrane CD44 is shed into the cytoplasm and transported to the nucleus through importin protein. CD44 anchors F-actin to the nuclear membrane
via ERM. Azurophilic granules move towards the nuclear membrane along F-actin and eventually fuse with the nuclear membrane to release MPO into
the nucleus. When the lungs are infected, some of the intestinal neutrophils undergo “targeted nuclear degranulation” and reenter the circulation,
eventually reaching the lungs. Neutrophils rapidly release large amounts of NETs in response to lung stimulation, exacerbating lung damage.

administration [28]. We injected the labeled neutrophils into the
lesion site through the intestinal wall, which is different from the
neutrophil infiltration of the intestinal wall in patients with UC.
However, we primarily aimed to observe the process of neutrophil

“reverse migration” from the intestinal wall. We also recognize
the limitations of this model, and will optimize it in future stud-
ies. Numerous studies have shown that neutrophil reverse migra-
tion is a double-edged sword. On the one hand, neutrophil reverse
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migration can promote the resolution of local inflammation by ac-
celerating the clearance of neutrophils from local wounds. On the
other hand, neutrophils re-enter the circulatory system, which
may lead to the spread of systemic inflammation [29]. Our study
also found that neutrophils in the intestinal lesion of patients
with UC migrate in reverse to the infected lungs, increasing the
symptoms of lung infections.

Although we observed targeted nuclear degranulation in neu-
trophils stimulated with PMA in our preliminary studies, this does
not correspond to the pathogenesis of colitis, as in colitis, LPS is
the main trigger for neutrophil activation. Therefore, we stimu-
lated neutrophils with LPS, confirming the presence of targeted
nuclear degranulation after LPS stimulation. Moreover, we found
that CD44/ERM/F-actin formed on the nuclear membrane and
the cytoplasmic dyneins carried azurophilic granules for trans-
port on the cytoskeleton. This is the main mechanism of de-
granulation toward the nucleus. Additionally, we identified neu-
trophils with degranulation toward the nucleus in the periph-
eral blood of patients with UC. Hence, we believe that the retro-
grade pulmonary migration of neutrophils with degranulation to-
ward the nucleus leads to severe lung infection in patients with
colitis.

Our study unraveled that neutrophils with targeted nuclear de-
granulation in the intestinal mucosa of DSS mice can enter the
circulation and migrate to the lung during lung infections. These
neutrophils rapidly release NETs after stimulation in the lung,
thereby facilitating the progression of inflammation (Fig. 7). These
findings provide invaluable insights into the management of lung
infections in patients with IBD and advance our understanding of
pulmonary-intestinal crosstalk.
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